ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Geochimica et Cosmochimica Acta 71 (2007) 821-834

Geochimica

www.elsevier.com/locate/gca

X-ray absorption spectroscopy identifies calcium-uranyl-carbonate
complexes at environmental concentrations ™

Shelly D. Kelly **, Kenneth M. Kemner ?, Scott C. Brooks °

& Environmental Research Division, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL, USA
® Oak Ridge National Laboratory, Oak Ridge, TN, USA

Received 24 July 2006; accepted in revised form 18 October 2006

Abstract

Current research on bioremediation of uranium-contaminated groundwater focuses on supplying indigenous metal-reducing bacteria
with the appropriate metabolic requirements to induce microbiological reduction of soluble uranium(VI) to poorly soluble uranium(IV).
Recent studies of uranium(VI) bioreduction in the presence of environmentally relevant levels of calcium revealed limited and slowed
uranium(VI) reduction and the formation of a Ca—UO,~CO; complex. However, the stoichiometry of the complex is poorly defined
and may be complicated by the presence of a Na-UO,—CO; complex. Such a complex might exist even at high calcium concentrations,
as some UO,~CO; complexes will still be present. The number of calcium and/or sodium atoms coordinated to a uranyl carbonate com-
plex will determine the net charge of the complex. Such a change in aqueous speciation of uranium(VI) in calcareous groundwater may
affect the fate and transport properties of uranium. In this paper, we present the results from X-ray absorption fine structure (XAFS)
measurements of a series of solutions containing 50 pM uranium(VI) and 30 mM sodium bicarbonate, with various calcium concentra-
tions of 0—5 mM. Use of the data series reduces the uncertainty in the number of calcium atoms bound to the UO,-CO3; complex to
approximately 0.6 and enables spectroscopic identification of the Na-UO,~CO; complex. At nearly neutral pH values, the numbers
of sodium and calcium atoms bound to the uranyl triscarbonate species are found to depend on the calcium concentration, as predicted

by speciation calculations.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Current remediation strategies for uranium(VI)-contam-
inated groundwater focus on preventing uranium migra-
tion by reducing soluble uranium(VI) to poorly soluble
uranium(IV) in the form of a uranium-oxide precipitate,
uraninite (Langmuir, 1978). Formation of uraninite with
its very low aqueous solubility can greatly reduce the trans-
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port of uranium from contaminated areas. Dissimilatory
metal reducing bacteria can rapidly reduce uranium(VI)
to uranium(IV), given an appropriate electron donor (Lov-
ley et al., 1991; Gorby and Lovley, 1992; Lovley and Phil-
lips, 1992; Fredrickson et al., 2002; Anderson et al., 2003;
Istok et al., 2004; Suzuki et al., 2004). The groundwater
at many contaminated sites have complex aqueous chemis-
tries; the effects on the rate and extent of microbial urani-
um(VI) reduction have not yet been fully explored (Duff
et al., 2002; Brooks et al., 2003; Lovley, 2003).

Extended X-ray absorption fine structure (EXAFS) is a
powerful tool for understanding the atomic coordination
of uranium as a trace element incorporated into solids, ad-
sorbed onto surfaces, and in aqueous phases. Recent EXAFS
studies have characterized aqueous uranyl carbonate species
(Allen et al., 1995); aqueous uranyl citrate species (Bailey
et al., 2005); uranyl carbonates adsorbed onto hematite
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(Bargar et al., 2000), goethite, and natural sediments in the
presence of calcium (Duff and Amrhein, 1996; Duff et al.,
1997); and uranyl adsorbed onto ferrihydrite and silica gels
(Reich et al., 1998). Uranyl incorporation into calcium car-
bonate and surface adsorption during calcite growth have
also been studied by EXAFS and X-ray surface scattering
(Reeder et al., 2000, 2001; Elzinga et al., 2004), and a few
studies have addressed uranium naturally incorporated into
calcite (Sturchio et al., 1998; Kelly et al., 2003, 2006).

Many studies have shown that calcium and carbonate
have important effects on uranium geochemistry. For exam-
ple, a study of the effect of calcium carbonate on urani-
um(VI) sorption onto soil from the Oak Ridge site (0.1%
CaCO;) and from the Altamont Pass, CA, site (10%
CaCQO;) over a range of pH values showed greater adsorp-
tion to soils with lower calcium carbonate concentrations. It
has been proposed that the cause of this may be formation
of an aqueous Ca,UQO,(CO3); complex in solution (Zheng
et al., 2003). Aqueous uranyl hydroxide (pale yellow solu-
tion) sorbed onto calcium carbonate (white) powder in dis-
tilled water exhibited color changes suggesting that initial
sorption of the uranyl hydroxide onto the calcite surface
to form a carbonate complex (a yellow colored calcium car-
bonate surface) was followed by uranyl carbonate desorp-
tion forming a white calcium carbonate surface and a
uncolored solution (Morse et al., 1984). Such a sequence
would illustrate the affinity of uranium(VI) for aqueous cal-
cium and carbonate. In another study related to hydroxyap-
atite as a permeable reactive barrier, uranyl carbonates
were adsorbed to calcium on the surface of hydroxyapatite
(Cas(POy4)30H) (Fuller et al., 2002), demonstrating that,
under some conditions, UO,—~CO;-Ca complexes can be
dominant over uranyl phosphate complexes.

In the first report of an aqueous Ca—UQO,—CO;5 complex
in a study of uranium-contaminated mine tailings (Bern-
hard et al., 1996), the results of time-resolved laser fluores-
cence and ion exchange experiments led the investigators to
propose that the species present was the uncharged
Ca,U0O,(CO;),°. The authors estimated the cumulative
formation constant to be logf,;3 =26.8 4+ 0.7 at ionic
strength 0.1 M. Kalmykov and Choppin (2000) reached a
similar conclusion regarding the stoichiometry of the com-
plex and the magnitude of the formation constant. Subse-
quently, Bernhard et al. (2001) made uranium edge
EXAFS measurements but were unable to confirm the
Ca,UO,(CO3); species, because overlapping of the calcium
signal with the distant oxygen signal from the carbonate
groups rendered the spectra inconclusive. In our recent
study, EXAFS measurements of two solutions (50 pM ura-
nium(VI)), 0 or 5mM CaCl,, and 30 mM HCO,~ con-
firmed a Ca-UO,—CO; complex in the solution with
calcium; however, the EXAFS-derived uranium coordina-
tion number of calcium atoms (3.4 +0.9) could not be
determined accurately because of the same overlap of the
EXAFS signals from the calcium atoms and the distant
oxygen atoms of the carbonate groups (Brooks et al.,
2003).

A recent review (Guillaumont et al., 2003) questioned the
weak dependence on ionic strength in some of the results
presented by Kalmykov and Choppin (2000), contending
that the likely existence of an as-yet-uncharacterized Na—
UO,-COj3 complex might complicate interpretation of the
Ca-UO,-CO3 data. Hence, no formation constant for
either the Ca-UO,-COj3 or the Na-UO,-CO3 complexes
has passed critical review, though the possible existence
of both the Ca-UO,-CO; and Na-UO,-CO; aqueous
species is recognized. Dong and Brooks (2006) recently
reported new values of the formation constants for
CalUO0,(CO3),> and Ca,UO,(CO;),°. These new values
suggest a more prominent role for the CaUO,(COs),*~ spe-
cies than indicated from previous studies.

Determining the number of calcium atoms bound to the
uranyl carbonate system is a difficult challenge for EXAFS
analysis. Nevertheless, the stoichiometry of the Ca—UO,—
COj; complex is important, as the net charge of the complex
can change from negative CaUO,(CO;),>~ to neutral
Ca,UO,(COs),". This change in the aqueous speciation of
uranium(V]) in groundwater could affect the fate and trans-
port properties of uranium and on the effectiveness of bio-
remediation strategies (Brooks et al., 2003; Zheng et al.,
2003; Davis et al., 2004; Tokunaga et al., 2004). Presented
here are uranium Lyj-edge EXAFS measurements on five
solutions containing environmentally relevant concentra-
tions of uranium(VI) and bicarbonate, with various calcium
concentrations. The uranium concentration of 50 pM in
these samples is similar to concentrations in contaminated
groundwater at several U.S. Department of Energy sites.
The samples containing environmentally relevant extended
species of uranyl carbonates with calcium and sodium and
could not be made at higher concentrations, because chang-
es in ionic strength affect the uranyl species distribution.
The low uranium concentrations require long integration
times, even with the high brilliance of Advance Photon
Source insertion device beamline MR-CAT. Although we
could have obtained EXAFS spectra of higher quality for
solutions with higher uranium concentrations, we consid-
ered the environmental relevance of the samples to be of
greater importance. Combined modeling of the EXAFS
data series enabled determination of the average uranyl spe-
cies for the end member concentrations, with precision of
approximately +0.6 atom. The Na-UO,—CO; species was
spectroscopically confirmed, and the numbers of calcium
and sodium atoms bound to the uranyl triscarbonate spe-
cies were shown to depend on the calcium concentration
and to be more consistent with equilibrium aqueous specia-
tion models based on the formation constants from recent
anion exchange studies (Dong and Brooks, 2006).

2. Materials and methods
2.1. Sample chemistry and speciation calculations

The base solution for EXAFS measurements consisted
of 30 mM NaHCOj; under a headspace of N»/O, (80:20),
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pH 6.9, with 50 uM uranium(VI) as uranyl acetate. Sep-
arate samples were prepared for each EXAFS measure-
ment. In addition to a no-calcium control sample,
EXAFS measurements were made for three calcium con-
centrations via the addition of CaCl,: 50 uM (Ca50),
500 uM  (Ca500), and 5000 uM (Ca5000). Acetate
(5 mM, NaC,H30,), a common electron donor for urani-
um(VI) reduction studies, was added to the no-calcium
sample (Ca0a) and one of the Ca5000 samples
(Ca5000a). Equilibrium geochemical speciation calcula-
tions indicated that all solutions were under-saturated
with respect to U(VI) solids under our experimental con-
ditions. In agreement with these predictions, no uranyl
solid phase was detected in the measured EXAFS. Preli-
minary tests on similar systems showed that uranyl
adsorption to the containers is minimal under our exper-
imental conditions.

The predicted uranium(VI) aqueous species distribution
in the solutions was calculated by using the React module
in the commercially available software program The Geo-
chemist’s Workbench (Bethke, 2005). Formation constants
for the inorganic uranium(VI) complexes were obtained
from the extensive compilation of the Nuclear Energy
Agency (NEA; Grenthe et al., 1992; Guillaumont et al.,
2003), while those for the uranyl acetate complexes were
from Shock and Koretsky (Shock and Koretsky, 1993).
Formation constants for the Ca-UO,—CO; complexes
CaUQO,(CO;),> and CaUO,(CO;)," are not officially
accepted by the NEA database reviewers. Although the
existence of the complexes is not questioned, work to re-
solve concerns related to experimental procedure and data
analysis continues (e.g., Dong and Brooks, 2006). In keep-
ing with the recommendation of the NEA reviewers, the
formation constants proposed by Bernhard et al. (2001)
were used for the speciation calculations:

Ca®* + UO,* 4+3C0,> — CaU0,(CO;)*
log fi1; =254

2Ca*" + U0,>" +3C0O,> « Ca,U0,(CO;)’
log 8,3 = 30.55

In addition, the speciation calculations were also per-
formed using the values recently determined by Dong
and Brooks (2006): logf;3 =27.18 and logf}>;3 = 30.70.
The predicted average number of calcium atoms associated
with uranium was calculated as

2 [Ca2U02 (CO3)30] + [CaU02 (CO3)32_]
(U] ’

total

(2)

where [] denotes molar concentration. This calculation is
consistent with the nature of the EXAFS signal that is
collected, which represents the weighted average local
environment of all uranium species in the sample. Under
all experimental conditions, four aqueous species,
UOz(CO3)327, UOz(CO3)347, CaUOz(CO3)32’, and

Ca,U0,(COs3),", are predicted to constitute greater than
99.5% of the total U(VI).

2.2. Uranium Lyredge EXAFS measurements

The uranium concentration in our samples (50 uM) is
similar to the level of uranium contamination at the U.S.
Department of Energy’s Natural and Accelerated Bioreme-
diation Field Research Center site, Oak Ridge National
Laboratory, TN, USA (2000). The transmission X-ray
absorption edge step height is proportional to the number
of uranium atoms in the sample volume (approximately
3 mm®) exposed to the X-ray beam. In concentrated sam-
ples, the element of interest typically constitutes a large
percent (10-100%) of the total number of atoms in the sam-
ple. Such samples are measured in transmission mode and
are prepared to have an ideal transmission edge step height
of approximately 1.0 (Stern and Heald, 1983). Samples that
have the element of interest present at about 1-10% of the
total number of atoms within the sample typically are mea-
sured in fluorescence mode and often have a transmission
edge step height of approximately 0.01-0.1. The uranium
concentrations in the samples of this study were extremely
dilute in comparison to those in a typical fluorescence mea-
surement, with only 1 uranium atom for every 107 atoms
(107°%). Consequently, the transmission edge step heights
for these samples were approximately 2 x 104

Because of the extremely low uranium concentrations of
our samples, we used several special experimental proce-
dures. These uranium Ljj-edge measurements were made
at the high-photon-flux (~5x 10"* photons per second)
insertion device (10-ID) beamline, MR-CAT (Segre et al.,
2000), at the Advance Photon Source, with the use of a
13-element solid-state detector (Canberra with XIA elec-
tronics). The insertion device was tapered to reduce the
variation in the X-ray intensity to less than 15% through-
out the scanned energy range (17,000-18,000 eV). A sili-
con(111) double-crystal monochromator was used to
select the X-ray energy. A rhodium mirror was used to
eliminate X-rays with higher harmonic energies. The inci-
dent X-ray intensity was monitored through use of a nitro-
gen-filled ion chamber. The XAFS signal was integrated
for long periods of time (1 h per scan or ~15s per data
point), and several data sets were collected from each of
the samples and averaged to increase the signal-to-noise ra-
tio (Table 1).

The data were processed with the UWXAFS (Stern
et al., 1995) software package by using standard proce-
dures. The background was removed with Rbkg=1.0 A
(Newville et al., 1993), from each data set, and the resulting
fine structure spectra [y(k) data] were averaged (Fig. 1).
Theoretical models were constructed with the program
FEFF7 (Zabinsky et al., 1995) and the crystallographic
atomic positions of liebigite (Mereiter, 1982) with calcium
atoms coordinated to the uranyl-triscarbonate moiety
and andersonite (Coda et al., 1981) with both sodium
and calcium coordinated to the wuranyl-triscarbonate
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Table 1
Description of the EXAFS data collected

Sample  Number Data range Number of independent points
-1 - >
of scans  (A™) AR=14A AR=29-4A
Ca5000a 3 3.5-7.5 9.5 4.7
Ca5000 10 3.5-9.5 133 6.0
Ca500 8 3.595 13.3 6.0
Cas0 6 3.5-8.5 11.4 53
Ca0a 10 3.5-8.0 10.4 5.0
Liebigite 3.0-12.0 20.8

Each scan represents 1 h of data collection time. The data ranges listed are
the portion of the data used in the Fourier transform.

Fig. 1. Averaged y(k)-k* data (open symbols) and modeled data (solid
line) for liebigite (A), Ca0a (B), Ca50 (C), Ca500 (D), Ca5000 (E), and
Ca5000a (F) samples.

moiety. Automatic overlapping of the muffin tin potentials
was used in the FEFF7 calculation. The liebigite standard
EXAFS spectrum is from Catalano and Brown (2004).

2.3. EXAFS data analysis

X-ray absorption data [u(E)] were collected as a func-
tion of incident X-ray energy through the U Ly absorption
edge of 17,166eV, from approximately 17,000 to
18,000 eV. The step-like absorption function at the urani-
um Ly-edge was removed from the data by using Athena
(Ravel and Newville, 2005) and IFEFFIT (Newville, 2001)
programs. The threshold energy (E,) was chosen to define
the excited photoelectron wave number (k), given by
K* = Eo(2m./h*), where m, is the mass of an electron,
and £ is Planck’s constant. The value for the threshold
energy was modified during the fitting procedure by allow-
ing determination of AE, an energy shift parameter. The
resulting EXAFS y(k) spectrum was weighted by k raised
to the power of 1, 2, or 3 (referred to as the k weight).
The EXAFS y(k) spectrum is a sum of sinusoidal functions

(Stern, 1974) due to groups of neighboring atoms (a shell of
atoms) at approximately the same distance from the urani-
um atoms in the sample. For a single scattering event of the
photoelectron, the frequency is closely related to the bond
length between the uranium atom and its neighbors. The
amplitude of each component is related to the numbers
and types of neighboring atoms.

The EXAFS y(k) spectrum is Fourier transformed from
wavenumber (A”) to radial distance (A) to separate the
sinusoidal components. The Fourier transform (FT) yields
a complex function of R. Maxima in the magnitude of the
FT represent the signals from each shell of atoms about the
uranium atoms. The heights and positions of these maxima
are related to: (1) the types and numbers of neighboring
atoms and (2) the distances between the uranium atoms
and their neighboring atoms, respectively. Therefore, each
shell of atoms (all atoms of the same type and at the same
distance) contributes to the shape and height of one peak in
the magnitude of the FT of the EXAFS spectrum.

EXAFS scattering paths originate at the absorbing
atom, go to one or more neighboring atoms, and return
to the absorbing atom. The theoretical models of the exper-
imental EXAFS data are made by summing the contribu-
tions from scattering paths of the photoelectron from the
different shells of atoms. Most of the EXAFS parameters
are related to the physical description of the scattering
paths from which the models are built. These parameters
include the types of neighboring atoms that define the scat-
tering path, the number of identical paths (), the half path
length (R), and the mean-squared deviation (¢?) of the half
path length R. For a single scattering path, these parame-
ters are the average number (V) and type of atoms around
the uranium atoms in the sample, with a given radial
distance (R) and a mean-squared deviation (¢°) of that
distance.

3. Results
3.1. Speciation calculations

In the absence of calcium, UO,(CO;),* and
UO,(CO;),*" are predicted to be the dominant aqueous spe-
cies; however, they decrease in importance as the concentra-
tion of calcium in solution increases and Ca,UO,(COs),°
increases concomitantly (Table 2). If the Ca—U-COj species
are minor components of the solution and independent of
the calcium concentration, then the EXAFS results should
reflect a small and invariant number of calcium atoms in
close association with uranium. Conversely, if the predicted
aqueous speciation trend is correct, then the EXAFS
analysis is expected to reflect an increase in the number of
calcium atoms associated with uranium as the calcium
concentration increases. The predicted average number of
sodium atoms associated with uranium was calculated
similarly to that for calcium (Eq. (2)), but with the
assumption of four sodium atoms per UO,(COs),*", two
sodium atoms per UO,(COs),*", and two sodium atoms
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Table 2

Predicted uranium(VI) aqueous species distribution for the conditions of the EXAFS measurements at pH 6.9

Mol% total uranium(VI)

Ca0a Ca5s0 Ca500 Ca5000 Ca5000a

Model version® A B A B A B A B
Aqueous species

U0, (CO3);4~ 92.46 89.40 63.42 37.82 10.94 0.91 0.5 1.12 0.60
U0,(CO3),%" 7.45 7.93 5.64 3.30 0.96 0.07 0.03 0.07 0.04
Ca, U0, (CO3),° 1.59 0.81 55.10 22.72 98.32 76.22 98.06 74.86
CalU0,(C0;),*~ 0.98 30.06 3.73 65.38 0.70 23.24 0.75 24.50
Avg # Na per U (Nna)® 3.85 3.77 3.25 1.65 1.76 0.04 0.49 0.06 0.51
Avg # Ca per U (Nc,)® 0 0.04 0.32 1.14 1.11 1.97 1.76 1.97 1.74

% Model version A uses the Ca—UQO,~COs; stability constants reported by Bernhard et al. (2001) and version B uses the stability constants reported by

Dong and Brooks (2006).
® See text (Section 3.1) for a description of this calculation.

per CaUO,(CO5),*~ (Table 2). For most of the samples, the
speciation calculations for Model A (with the Ca—UO,—CO3
stability constants reported by Bernhard et al. (2001)) and
for Model B (with the Ca-UO,—CO3 stability constants
reported by Dong and Brooks (2006)) have average values
for the number of sodium or calcium atoms per uranium
atom differing by less than half an atom (Table 2).

3.2. Building the EXAFS model

Speciation calculations predicted that the dominant spe-
cies in the solutions without calcium and the remaining
species in the samples with calcium are uranyl triscarbonate
[UO,(CO;);*], with or without calcium (Table 2). This
species has four shells of atoms surrounding the uranium
atom. The two axial oxygen (O,) atoms of the uranyl form
the first shell of atoms. The atoms from the three carbonate
groups, including six equatorial oxygen (Ogq) atoms, three
carbon atoms, and three distant oxygen (Ogi) atoms

Fig. 2. Ball-and-stick figure of (UQO,)(CO3)3 species. The uranyl moiety
(UQ,) is made up of a uranium atom bound to two axial oxygen (O,y)
atoms above and below the uranium atom.

(Fig. 2), form the next three shells of atoms. The coordina-
tion numbers for these shells were not determined in the fit
to the EXAFS data, but rather they were held at values of
6, 3, and 3 for the Oy, carbon, and Oygjg shells, on the basis
of the speciation calculations. Important linear multiple
scattering (MS) paths from the O,,;—U-O,,, and U-C-
Oygist atoms are included in the EXAFS model.

Table 3 lists the scattering paths included in the model
and defines their parameterization. The paths shown de-
scribe the atoms that contribute to the EXAFS signal.
For example, U-O,, represents a path that starts at a ura-
nium atom, goes to an O,, atom, and returns to the origi-
nal uranium atom. The number of paths is the number of
identical paths for the UO,(CO;),*" complex. The path
distances shown in Table 3 are the original path lengths
(bond lengths for single scattering paths) based on the
structure of liebigite. The subscripts on the EXAFS param-
eters Ar (change in the half path length), > (mean-squared
deviation of the half path length), and AE (energy shift of
the photoelectron) indicate their parameterization.

The MS paths do not increase the number of fitting
parameters, as the parameters for the MS paths are deter-
mined from the corresponding single scattering paths (see
Table 3). Some previous EXAFS studies of the UO,*" moi-
ety either have not discussed the O,,;—U-O,,, MS paths
(Waite et al., 1994; Bernhard et al., 2001) or have conclud-
ed that these paths could be neglected (Bostick et al., 2002;
Dodge and Francis, 2003). Inspection of these paths in y(k)
indicates that the majority of their contribution is at k
values less than 4 A~". If this region of the data is not used
in the analysis, these paths should not be necessary.
However, the FT data range used in our analysis starts at
k=3.0—-3.5A"", and thus these MS paths were included.

To account for sodium and calcium atoms that could be
bound to the uranyl carbonate system, the model includes
U-Ca and U-Na paths. On the basis of other Ca/Na-
UO,-CO; systems, the approximate distances expected
are 3.8-4.1 A for U-Ca (Coda et al., 1981; Mereiter, 1982;
Reeder et al., 2000; Bernhard et al., 2001; Rakovan et al.,
2002; Kelly et al., 2003, 2006) and 3.7-3.9 A for U-Na
(Coda et al., 1981; Ondrus et al., 2003). These paths were
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Table 3
Description of the EXAFS model applied to the liebigite data and the Na/
Ca-UO,—CO; solution data

Path Number of Distance Ar o3 AE
paths (A)

U-0,x 2 1.8 AFoax - AE,

U-Oq 6 2.4 Argeq o%eq AE,

U-C 3 2.9 Ar, 6 AE,

U-Oux1-Oax2 2 3.6 2 Aroax  2- afm AE,

U-0,;-U- 2 3.6 2 Argax 2 05, AE;
Oax2

U-0,,-U- 2 3.6 2+ Aroax 4+ 02, AE,
Oaxl

U_Odist 3 42 Arodist o%dist" AEZ

U*C*Odisl 6 4.2 Arodist O—(z)distz AEZ

U-C-O4;s—C 3 4.2 Arodist agdisf AE,

U-Ca Nea” 4.1 Areq 62" AE,

U-Na® NNa 3.7-3.9 Arpa a2, AE,

Parameters in bold type were optimized to fit the model to the data.

2 o2 values were determined from the liebigite EXAFS results for the
model of the Na/Ca-UQ,—COj solutions.

® The coordination for Nc, was held at 3 for the model of liebigite
EXAFS data.

¢ The U-Na path was not included in the model of the liebigite EXAFS
data or in the model +Ca—Na.

added to the model (Table 3). The Na/Ca-UO,~CO3; model
requires the determination of 15 variables to describe the
EXAFS signal from a uranyl triscarbonate complexed with
an unknown number of sodium and/or calcium atoms.

3.3. EXAFS model applied to liebigite

The Ca-UO,—CO3 model (without sodium) was applied
to EXAFS data for the well-known crystal structure of

{1 Py Model

Magnitude of Fourier transform (A®)

~__Oax M.S.
-1.2
| .,/\(Ea
-1.6 4 Odist M.S.
o 2 4 6
R (A)

—O— Liebigite Data

Real part of Fourier transform (A®)

S.D. Kelly et al. 71 (2007) 821-834

liebigite, Ca,UQO,(CO3); (Mereiter, 1982). The liebigite
EXAFS spectrum contains 21 independent data points,
as calculated from the Fourier-transformed data range
(3.0-12.0 AOCI) and the modeled region (1-4 A) of the data
(Table 1). The paths included in the model and the 13
parameters optimized (bold type) are listed in Table 3.
Fig. 3 shows the magnitude and real part of the Fourier
transform (FT) of the liebigite data and the model pro-
cessed with a k weight of 2, with the contribution from each
scattering path in the model (where the importance of the
MS paths is illustrated qualitatively). The best-fit values
for the variables determined from the fit to these data are
listed in Table 4. Also determined in the fit were AE; =
2.6+2.1¢eV and AE, = 7.0+ 2.3¢eV as defined in Table
3. The value for S;* was held at 1.0; the true value was
found to be consistent with this assumed value with an
uncertainty of 10%. This value for S,* was used in the EX-
AFS model of the Na/Ca—UO,—CO; solution series, and
the uncertainty in S;,*> was added in quadrature to the
uncertainties in coordination number determined from
the solution series EXAFS data.

3.4. EXAFS model applied to the Na/Ca—UO,-COj data

series

3.4.1. Liebigite model applied to NalCa—UO>,~COj; data
series ( Model +Ca—Na)

The data series for the solution samples (Ca0a, Ca50,
Ca500, Ca5000, Ca5000a) was initially refined with the
liebigite model (model +Ca—Na). The EXAFS parame-
ters for o> of the U-C, U-Og, and U-Ca paths were
used from the liebigite refinement (which excluded the

1.0 5
0.5 4

0042541

Fig. 3. The magnitude and real part of the Fourier transform of the liebigite spectrum and model processed with a k weight of 2. The data and model are
shown at the top of each panel as open symbols and a solid line, respectively. Beneath the data and model are the individual contributions to the total

model from each path in the model.
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Table 4

EXAFS results and parameters from the liebigite data and the Na/Ca—UQO,~CO; aqueous data

Path Number of paths Liebigite results Na/Ca-UO,-CO; results Model +Ca+Na
R (A) o (x1073 A?) R (A) 6? (x1072 A2

U-0,x 2 1.792 + 0.009 33+0.5 1.78 £ 0.01 020

U-O¢q 6 2.45+0.02 8.4+0.8 2.45 4 0.01 ageq

U-C 3 2.89 £0.01 342 2.89 +0.01 3

U-0,x1—Oax2 2 3.59+£0.02 13+2 3.57+0.02 4.02,,

U-04;-U-O,x2 2 3.62 +0.02 7+1 3.57+0.02 202,

U-0,x1-U-Oyx 2 3.62 +0.02 7+1 3.57£0.02 2-0%,,

U-Na Npai® N/A N/A 3.84 +0.03¢ 4

U-Ca Neai™® 4.04 £0.02 4+2 4.02 £0.02 4

U-Ovgist 3 4.13£0.10 24+ 17 4.11 £0.07 24

U-C-Oyist 6 4.14 £0.10 24417 4.11£0.07 24

U-C-Oyis—C 3 4.14 £0.10 244+ 17 4.11£0.07 24

Values without uncertainties were held constant at the given value.

2 The EXAFS parameters for 6> of the U-O, and U-O,q paths and the number of U-Na and U-Ca paths were determined independently (see Table 6)

for each data set in the Na/Ca—UQO,—CO; model.
® The number of U-Ca paths was held at 3 for the liebigite model.

¢ The distance of the U-Na signal for the spectra without calcium, Ca0a, was determined independently from the spectra with calcium and found to be

3.82 £ 0.003 A.

possibility of a Na-UO,—CO; complex). Use of a crystal
structure for ¢ values of an aqueous complex is not
ideal but is justified here on the basis of uncertainties
in the measured spectra. Clearly, EXAFS data of higher
quality, which could be obtained from solutions with
higher uranium concentrations, could help determine
the ¢ values independently of the liebigite structure.
The disadvantage is that the uranium concentration
would no longer be environmentally relevant. We believe
that the environmental relevance of the samples is more
critical than independent determination of these ¢ val-
ues. The solution samples and hence the measured
spectra are very similar (Fig. 1) and are expected to
have many parameters in common. To determine these
common parameters, each data set was modeled inde-
pendently. Parameters found to overlap within the
uncertainties (Ar and AE, values) were constrained to
a single value for all five data sets. This did not imply
that these values were the same for all data sets, but
rather that the values were so similar that our measure-
ment was insensitive to the differences. The model
described in Table 3 contains 8 common parameters
(6 Ar values and 2 AE, values) refined simultaneously
to all 5 spectra, plus 3 independent parameters (o>

af)eq, and Nc,) refined to each spectra independently of
the other spectra, giving an average number of approx-
imately 5 (8 common parameters/5 data sets+ 3 inde-
pendent parameters) variables per spectra. This model
is reasonable for our data, because the Fourier-trans-
formed data range (see Table 1) and the modeled data
region from 1 to 4 A give approximately 10-14 indepen-
dent points in each data set.

The best-fit values for the number of calcium atoms
bound to the wuranyl triscarbonate complex (Ncg;
Table 5), determined by using the model +Ca—Na, do
not show the expected dependence on calcium concentra-

Table 5

Results for the number of sodium and calcium atoms from the
simultaneous fit to all 5 data sets determined by consecutively more
refined models

Path Cala Ca50 Ca500 Ca5000 Ca5000a
Model +Ca—Na, fit region from 1 to 4 A

U-Ca — 21+£06 20+10 22405 1.8 +£0.5
Model +Ca+Na, fit region from 1 to 4 A

U-Na 32412 3.1+31 23+44 00+£23

U-Ca — 04+19 09+27 24+13 23414
Model +Ca+NaOnly, fit region from 2.9 to 4 A

U-Na 3.2+0.7 28+1.7 23423 08+1.0

U-Ca — 0.6£1.1 09+15 20+0.6 1.9+£0.6

tion. Equilibrium aqueous speciation calculations indicate
that the value of Nc, is expected to increase from 0 to 2
as the calcium concentration increases from 0-50 to
500-5000 uM. The best-fit values are consistent with
two calcium atoms over the entire data series, whereas
the speciation modeling (Table 2) indicated that Nc,
should increase with calcium concentration. However,
formation of the hypothesized Na-UO,-CO;3; complex
was not properly accounted for in this model. Therefore,
the model was modified to allow for a Na-UO,-CO;
complex.

3.4.2. Liebigite with sodium model applied to the NalCa—
UO>,-CO; data series ( Model +Ca+Na)

The addition of a U-Na path to the liebigite model
(model +Ca+Na) introduced three new parameters (Ar,
0%, and Ny,) to the model of the solution series EXAFS
spectra. The EXAFS ¢ value for the U-Na path was held
at the value for the U-Ca path based on the liebigite stan-
dard at approximately the same radial distance. This con-
straint was initially tested by allowing the Og;s;, sodium,
and calcium ¢ values to be determined.
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Table 6
&° values for the U-O,, and U-Ocq paths from siplultaneous fitting using the model +Ca-+Na, which includes both the sodium and calcium signals, to all
five data sets, over the full fitting region of 1-4 A

EXAFS variable Ca0a Ca50 Ca500 Ca5000 Ca5000a
s (X107 A?) 34+1.0 1.8+0.7 23+1.1 1.4+0.5 2.74+0.7
g (X107 A7) 73+ 1.1 7.8+ 1.0 6.0+1.2 7.9+£0.8 59+0.8

Specifically, the ¢ values determined for the Og;q, calci-  because modeling of the solution series EXAFS data did

um, and sodium shells by modeling the data series are  not result in a larger ¢” value for the sodium shell than
0.019 +£ 0.020, 0.005 4 0.009, and 0.001 £ 0.012 Az, respec- for the calcium shell. Because the sodium shell ¢® value
tively. These results lend some confidence in our constraint ~ was found to be unrealistically small but consistent (within
of the ¢ values for the Og;s and calcium shells to the values the uncertainties) with the o> value for the calcium shell,
determined from the liebigite standard, because the Oy, 0 the sodium shell and calcium shell ¢° values were con-
value of 0.019 & 0.020 A? and the calcium o> value of  strained to the value of 0.004 A2 determined for the liebig-
0.005 = 0.009 A? are consistent with the values determined ite standard.
for the liebigite standard (0.024 + 0.017 A? for the Oist The EXAFS model was modified by adding a Ar value
shell and 0.004 & 0.002 A2 for the calcium shell). The for the sodium signal to the common parameters for the
best-fit o* value from the solution series for the sodium spectra with calcium. An independent Ar value for the
shell (0.001 + 0.010 A?) is not within the acceptable range  sodium signal of the spectrum without calcium significantly
for ¢ values (0.003-0.030 Az). Furthermore, the sodium  improved the quality of the fit to the data series. The num-
bond strength (as measured by the sodium shell o” value  ber of sodium atoms bound to the uranyl triscarbonate
of ~0.001 A) is unlikely to be larger than the calcium bond (Nna) Was determined independently for each spectrum ex-
strength (as measured by the calcium shell o® value of  cept for Ca5000 and Ca5000a. The same N,, was optimized
~0.005 A), because the bond strength generally increases for both of these two (Ca5000 and Ca5000a) spectra. The
with increasing anion—cation charge transfer. model +Ca+Na results in approximately 6 (9 common
The effect on the bond strength with more single  parameters/5 data sets + 4 independent parameters) vari-
charged sodium atoms (4 Na™ atoms), as compared to ables per data set which is less than the number of indepen-
fewer doubly charged calcium atoms (2 Ca*" atoms)  dent points, as each data set contains approximately 10-14
bound to the UO,(CO;3),*” moiety, would suggest independent points (Table 1). The spectrum without Ca
that the UO,(CO;),* —Na,** bond is weaker than the includes one more independent variable Ary,. The best-fit
UO,(CO;5),*—Ca,*" bond. This effect is not too large, values for N¢, and Ny,, determined by using the model
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Fig. 4. The magnitude and real part of the Fourier transform of the Ca500 data and model +Ca+Na processed with a k weight of 2. The data and model
fit are shown at the top of each panel as open symbols and a solid line, respectively. Beneath the data and fit are the individual contributions to the total
model from each path in the model.
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+Ca+Na, show dependence on the calcium concentration
(Table 5). As expected, Nn. decreases with increasing
calcium concentration, while N¢, increases with increasing
calcium concentration.

The best-fit values for the other EXAFS parameters
(R and ¢?) are listed in Table 4. In addition to these param-
eters, two energy shift parameters AE; and AE, (see Table
3) were optimized to the values of —0.8 1.6 and 4.4 +
1.9 eV, respectively. Fig. 4 illustrates the FT of the Ca500
data, the total model, and the contribution to the model
from each path. This data set was chosen because of the
strong sodium and calcium signals at the 500 uM calcium
concentration. Fig. 4 illustrates the isolation in the FT of
the calcium and sodium signals (2.9-4 A) from the O,
Ocq, and carbon signals (1.0-2.9 A).

Inclusion of possible neighboring sodium atom(s) in the
model results in an increasing N, and decreasing Ny, as
expected with increasing [Ca], however, the uncertainties in
the coordination numbers are large. The uncertainty in Nc,
will be larger when optimizing the model to the EXAFS
data over the entire fit region (1-4 A) than for a smaller
subregion (2.9-4 A) where the sodium/calcium signal dom-
inates. To minimize the uncertainty in the EXAFS vari-
ables, the method used to calculate uncertainties needs to
be understood qualitatively. The EXAFS uncertainties
were calculated on the basis of procedures in Standardized
Data Reduction and Error Analysis for the Physical Sciences
(Bevington and Robinson, 1992). The implementation of
these procedures for EXAFS analysis is described else-
where (Stern et al., 1995; Newville et al., 1999).

Briefly, the uncertainty in each parameter is determined
by iteratively changing the parameter’s value and re-opti-
mizing all of the other parameters until the chi-squared val-
ue of the fit increases by 1 (Stern et al., 1995). The amount
of change in the parameter required to increase the chi-
squared value is the reported uncertainty in the parameter.
The chi-squared value is proportional to the sum of the
square of the differences between the model and the data
over the entire fit region divided by the number of data
points within the fit region. If the fit region includes a por-
tion of the model that is not affected by the calcium signal,
and if this portion of the fit has a larger or smaller average
misfit, then the uncertainty in Nc, obtained by increasing
the chi-squared value will not be accurate. Reducing the
fit region to 2.9-4.0 A makes the chi-squared value for
the fit a more accurate measure of the misfit of the model
in the region affected by the calcium signal. As a result,
the uncertainty will be a measure of the ability of the model
to accurately reproduce the data in the affected region. Fur-
thermore, reducing the fit region will reduce the uncertainty
in the N, atoms, because smaller changes in N, will re-
sult in larger changes in the chi-squared value for the fit
of the reduced data range. The chi-squared value for the
subregion (2.9-4 A) is affected by changes in N, at every
data point, whereas the chi-squared value for the entire
fit region (1-4 A) is affected by changes in N, at less than
half ([4 — 2.9)/[4 — 1)) of the data points. Hence, to mini-

mize the uncertainty in the EXAFS parameters, the fit re-
gion needs to match the region affected by the parameters
determined in the fit.

3.4.3. Liebigite with the sodium model applied to the
NalCa—UO,-COj3 data series optimized in the region where
only the calcium and sodium signals contribute

( Model +Ca+NaOnly)

The initial EXAFS model was used to describe the data
range from 1 to 4 A, but the EXAFS signal from sodium
and calcium atoms dominates in the subregion from 2.9
to 4 A. Because the U-Na and U-Ca radial distances are
significantly different from the U-O,y, U-Oq, and U-C
distances, the region of the FT corresponding to the U—
Na and U-Ca distances (2.9-4.0 A) can be modeled sepa-
rately. To do this, the parameters from the O,x, Ocq and
carbon signals were held to the values determined previous-
ly, and the model was optimized in the subregion from 2.9
to 4 A, where the sodium and calcium signals dominate.

Reducing the fit region is similar to Fourier filtering of
the EXAFS data to model only the signals that contribute
within a particular region in the FT spectrum; however,
our method explicitly accounts for the overlap of the U-
Ocq tail and the U-O,x MS paths within our modeled sub-
region (see Fig. 4), whereas Fourier filtering of the EXAFS
data would not. The U-Og, tail and the U-O,x MS paths
have significant contributions in the subregion from 2.9
to 4 A, as compared to the U-Ca, U-Na, and U-QOy;q, sig-
nals, but the U-Ogq tail and the U-O,x MS signals are dg-
fined by the data outside the subregion from 2.9 to 4 A,
where the U-O,x and U-Ogq signals dominate between 1
and 2.9 A.

The correlations between the parameters that describe
the model outside the subregion (U-O.q and U-O,y) —
as compared to the parameters that describe the model
within the subregion (U-Ca, U-Na, and U-Ogj)—were
calculated from the previous optimization of the model
to the entire data range from 1 to 4 A. All correlations be-
tween the parameters from the outside region (U-Oq and
U-0,,) and the parameters from the inside region (U-Ca,
U-Na, and U-Oy;) were determined to be less than 34%.
To put this small correlation into perspective, the correla-
tion between Nc, (an amplitude term) and the energy shift
parameter for the Ca shell (a phase term) is generally
agreed to be small, and its correlation of 36% is similar
to the correlation between the parameters that describe
the outside region (U-O.q and U-O,y), rather than those
that describe the inside region (U-Ca, U-Na, and U-Oyg;g).
In contrast, the correlation between Ny, and N, is large
(~92%). The model explicitly accounts for this large corre-
lation as the large uncertainty in the reported values for
Nna and Nc,.

The model +Ca+NaOnly include 3 common parameters
(Ar for the U-Na, U-Ca, and U-Oyg;,, signals) for all 5 data
sets and 2 independent parameters (Nn, and Nc¢,), giving
approximately 3 variables (3/5 + 2) per data set. The spec-
trum without Ca includes one more independent parameter
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% Ca0a Data
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Fig. 5. The magnitude (A-E) and real part (F-J) of the Fourier transform, processed with k£ weights of 1, 2, and 3, for all five spectra, with Model Fits.
Model +Ca+NaOnly was simultaneously optimized to each of these data sets, processed with k weights of 1, 2, and 3. The data processed with k weights
of 1 and 2 are rescaled, so that the first peak height is similar to that of data processed with k& weight of 3.
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Ar for the U-Na signal. Each data set contains approxi-
mately 5-6 independent points (Table 1). The effect of
increasing the ratio of the number of independent points
to the number of variables is to reduce the uncertainties
in the determined variables (assuming that the model has
enough freedom to reproduce the data).

The model +Ca+NaOnly is refined to the data by pro-
cessing the data with & weights of 1, 2, and 3. The plots of
the FT of all of the data and the best-fit models for all three
k weights (shown in Fig. 5) indicate that the model accu-
rately reproduces the measured spectra. The agreement
was expected, because independent refinements indicated
that the common variables (Ar for the U-Na, U-Ca, and
U-Oyis; signals) overlap within the uncertainties in the
EXAFS measurement. The best-fit values for the distances
from U to Na, Ca, and Ogis are 3.85+£0.02 A, 4.01 £
0.01 A, and 4.10 £0.04 A, respectively. The spectrum
without Ca, Ca0a, was modeled with an independent U
to Na distance that was optimized to the value of
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ed in Table 5. Fitting the data series with a single model en-
ables determination of the number of calcium atoms to
approximately +0.6 atom (see Table 5) for the highest
[Ca] (Ca5000a, and Ca5000). Although the EXAFS uncer-
tainties are still large, the values and trends for N, and
Nna are similar for the EXAFS and equilibrium aqueous
speciation calculation approaches (Fig. 6). The speciation
calculations based on Bernhard et al. (2001) (Model A)
and Dong and Brooks, 2006 (Model B) are similar (see Ta-
ble 2 and Fig. 6). The EXAFS results are somewhat in bet-
ter agreement with Model B for the number of Na atoms at
the highest Ca concentrations.

To further illustrate that the numbers of sodium and cal-
cium atoms determined from this fitting model depend
weakly on the equatorial oxygen coordination number,
we performed an EXAFS modeling comparison by holding
the number of equatorial oxygen atoms in the model de-
scribed above at a value of 6 (as previously justified on
the basis of the aqueous speciation calculations shown in

3.82 = 0.01 A. The best-fit values for N, and Ny, are list- Table 2). Additional EXAFS modeling tests were
A 3.0
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Fig. 6. Predicted average values for Nc, (A) and Ny, (B) from equilibrium aqueous speciation modeling and as determined by modeling of EXAFS data.
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performed by holding the number of equatorial oxygen
atoms at a value of 5 (one atom less than in the current
model) or at a value of 7 (one atom more than in the cur-
rent model). The fit results with the number of equatorial
oxygen atoms held at values of 5 and 7 were fully consistent
with the values reported for the current model with the
number of equatorial oxygen atoms held at a value of 6
(Table 5, Model +Ca+NaOnly). For example, the best-fit
value for the number of sodium atoms from the Ca0a data
set were determined to be 3.24+0.7, 3.2+0.7, and
3.3 + 0.7 for the models with the number of equatorial oxy-
gen atoms held at values of 5, 6, and 7, respectively. In
addition, the best-fit values for the number of calcium
atoms for the Ca5000 data set were determined to be
2.5+0.5,2.0£0.6, and 1.6 & 0.6 for the models with the
number of equatorial oxygen atoms held at values of 5,
6, and 7, respectively. These tests explicitly show that the
numbers of calcium and sodium atoms depend weakly on
the equatorial oxygen coordination number, increasing
confidence in the results obtained from the model that
holds the equatorial oxygen coordination number at 6.

Qualitatively, the amplitudes of the magnitude and real
parts of the FT in Fig. 5 within the region from 2.9 to
4.0 A show increasing calcium signal as the calcium concen-
tration increased from 0 to 5000 pM. This signal became
apparent when the FT of the same data set was compared
with different & weights. To make this comparison, the
first-shell oxygen signals were normalized to the same ampli-
tude. If all the signals in the EXAFS data are from atoms
with atomic number similar to the first oxygen shell, then
the relative amplitudes of all the signals will follow that of
the first shell. Hence, the FT spectra for data with k weights
1, and 2, and 3 will overplot. This is illustrated for the Ca0a
and Ca50 data sets by the plots in Fig. 5, as the signal in the
region from 2.9 to 4.0 A is similar for all three k weights. As
the atomic number of a neighboring atom becomes greater
than that of oxygen, the calcium signal will increase in
amplitude as the k weight increases from 1 to 3. This trend
is clearly indicated for the Ca500 and Ca5000 data sets
shown in Fig. 5. These data sets have a Fourier-transformed
data range of 3.5-9.5 A~'. The data within the range of
higher k values, from approximately 7 to 9.5 A~ are dom-
inated by the calcium signal, so that the FT with a k& weight
of 3 (rather than a k weight of 1) will emphasize the calcium
signal. The Ca5000a data set does not show this trend be-
cause of the limited data range of the FT, from 3.5 to
7.5 A~'. This qualitative comparison of the Fourier-trans-
formed data further supports the inclusion of sodium com-
plexation at the lower calcium concentrations to explain
the amplitudes of the magnitude and real parts of the FT
within the region from ~2.9 to 4.0 A and coordination num-
ber trends as a function of calcium concentration.

4. Conclusions

A relatively simple molecular species Na/Ca-UQ,-CO3
can demand a relatively complicated EXAFS model

(Table 3). In the present analysis of a series of EXAFS data
and qualitative comparison of the k dependence of the FT
of the EXAFS data, inclusion of the Na-UO,-CO3; com-
plex in the model was necessary to achieve a dependence
on calcium concentration for the Nc, and Ny, as expected
based on equilibrium aqueous speciation calculations (Ta-
ble 2). Values for N, were determined to be 0.6 £+ 1.1,
09+1.5, 20+0.6, and 1.9+ 0.6 for the solutions con-
taining calcium concentrations of 50, 500, 5000, and
5000 uM, respectively. Values for Ny, were determined
tobe3.24+0.7,2.8 £1.7,2.3 + 2.3, and 0.8 &= 1.0 for solu-
tions Ca0a, Ca50, Ca500, and Ca5000/Ca5000a. Even
though a mixture of Ca—UQO,—CO3 and Ca,-UO,—CO; spe-
cies seems likely (e.g., (Dong and Brooks, 2006)) and the
present analysis reduced the uncertainty in N¢, to approx-
imately +0.6 calcium atom for the spectra from the highest
[Ca], determination of the exact stoichiometry of the com-
plex remains difficult. On the average, approximately 2 cal-
cium atoms are bound to the uranyl carbonate species at
the highest concentrations and 2-4 sodium atoms are
bound to the uranyl carbonate species when calcium is
absent.

The final EXAFS results for the average values of Nc,
and Ny, in these solutions are reasonable and in agreement
with speciation calculations (Fig. 6). The EXAFS results
for the number of sodium atoms at the highest calcium
concentrations agree better with the Model B results than
with the Model A results. Model B incorporates the forma-
tion constants proposed by Dong and Brooks (2006) which
suggest a more prominent role for the CaUO,(COs),*~
complex. Consequently, model results obtained with these
constants will also predict a higher average number of sodi-
um per U with the assumption that the charge of the
CaUO,(COs),>" species is satisfied by two sodium ions.
Under these same conditions, Model A does not predict
a significant CaUO,(CO;),*~ species, and hence the cation
charge of the extended uranyl moiety is fully satisfied by
calcium alone. The EXAFS model unconstrained by char-
ge balance considerations, minimizes the residual error be-
tween model and data and allows for independent
measurement of the average number of calcium and sodi-
um atoms per uranyl atom. The dominance of the
CaUO,(COs),*" species at environmentally relevant condi-
tions is a discovery of the Dong and Brooks (2006) study
that is supported by our EXAFS measurements.

Because of the overlap of signals from the Og;y, calcium,
and sodium atoms, ¢ values for a liebigite crystal structure
were used to model the solution series. If the ¢ values
(mean-squared deviation of the distance between the urani-
um atom and the calcium atoms) are similar for the aque-
ous solution and the crystal structure, one must ask
whether the stabilities of the atoms about their local mini-
ma in a crystal structure are affected by long-range order.
Our EXAFS results indicate that ¢ values determined
through modeling of EXAFS data from a crystal can be
used to model EXAFS data from a solution; thus, the sta-
bility of the aqueous species may be similar to that of the
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fully incorporated species bound within a crystal structure.
Hence, the bond strength might be similar in the aqueous
complex and in an extended crystal structure. The similar-
ity in the bond strength of the aqueous and solid phases
would help to explain the strength of the formation con-
stant log K ~ 30 (Bernhard et al., 1996) for this complex,
the pronounced effect of the complex on the bioreducibility
of uranium(VI) (Brooks et al., 2003), and the increased
transport properties attributed to the formation of the
complex (Brooks et al., 2003; Zheng et al., 2003).

This study of calcium-uranyl-carbonate species at envi-
ronmentally relevant concentrations with groundwater
components of calcium and sodium, conducted with a com-
bination of X-ray absorption spectroscopy and aqueous
equilibrium speciation calculations, has potential for deter-
mining the predominant aqueous species and the stability of
these species through modeling of XAFS-measured ¢ val-
ues. An understanding of uranyl aqueous species in envi-
ronmentally relevant groundwater—where the transport
properties are dictated by molecular interactions of aqueous
species with groundwater components—is critical to accu-
rate predictions of contaminant transport within the sub-
surface, before and as a result of remediation strategies.
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